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Synergistic effects of lignin and cellulose during pyrolysis of 1 
agricultural -waste. 2 
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 10 
 11 
Abstract. Varying lignin and cellulose contents in agro-waste cause feed-stock to 12 
respond differently during their thermochemical conversion. The effect of pyrolysis 13 
temperature (400, 500, 600oC) and feedstock composition on product yields and gas 14 
composition of Olive-Kernel (OK) and Corn-Cobs (CC) was investigated in a lab-15 
scale, fix bed reactor under a 20mL/min of nitrogen flow at atmospheric pressure. 16 
Results were compared to those obtained in the same pyrolysis set up from model 17 
synthetic mixtures of cellulose and lignin, in an attempt to simulate the composition 18 
of real feedstocks. Experimental results showed how lignin and cellulose influence the 19 
thermochemical process and how non-negligible synergistic effects among lignin and 20 
cellulose are affecting the thermochemical process outcomes.  Lignin affects the 21 
increase of char yields obtained from the synthetic mixtures more than it does in real 22 
feedstock. Similarly higher yield of CO2 in produced gas is reported from pyrolysis of 23 
synthetic mixtures compared to that obtained from real feedstock containing the same 24 
amount of lignin. Thus the pyrolysis behaviour of raw feedstock cannot be 25 
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satisfactorily predicted by simulating the behaviour of their main components simply 26 
only in an ‘additive’ rule, as interactions are also taking place between organic 27 
components, as well as ash inorganic elements and organic matter which promote 28 
more complex synergistic effects of the components of the lignocellulosic matrix 29 
during pyrolysis. 30 
 31 
Keywords: Lignin; cellulose; agricultural waste; pyrolysis; product yields; gas 32 
composition. 33 
 34 
*Corresponding Author: E-mail: v.skoulou@hull.ac.uk (Dr. Vasiliki Skoulou) 35 
 36 
Abbreviations:  37 
CC: Corncobs 38 
OK: Olive Kernel  39 
CM: Cellulose microcrystalline 40 
LP: Lignin   41 
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1. Introduction 42 
According to the latest World Bioenergy Association (WBA) [1] report 50.5 EJ of 43 
bioenergy corresponding to 14% of the global energy mix is consumed globally. A 44 
percentage of 7.1% corresponds to the derived heat which is mainly produced in 45 
power plants using waste from the forest sector and approximately 28% is directly 46 
consumed for direct heat production in residential sector (fireplaces, stoves etc.). Rich 47 
in lignin waste accounts for 87% of the total biomass waste supply, while herbaceous 48 
waste (agro-waste) emerging from agricultural sector contributes only by a 10% in the 49 
field, leaving aside a huge alternative fuel source (World Bioenergy Association 50 
(WBA) [1]). Even though waste from the agro-industrial sector can be  mainly used as 51 
feedstock for the future  biorefineries, residues and waste can be used as alternative 52 
fuels for bioenergy closing the loop in materials and meeting the sustainability target 53 
of bioenergy in a cascade biorefinery scenario [2]. Towards increasing the supply of 54 
feedstock from these sectors, various types of lignocellulosic waste can become 55 
potential feedstocks for bioenergy generation i.e. via pyrolysis for production of 56 
liquid biofuels or by utilizing them directly as solid fuels in the form of pellets.  57 
Upgrading of lignocellulosic waste derived from agricultural, agro-industrial and 58 
forestry sectors to fuel grade feedstock requires primarily a thorough understanding of 59 
the interactions between their basic building components (lignin, cellulose) and 60 
interactions during the first pyrolytic stage of thermochemical conversion processes, 61 
such as combustion or gasification: the pyrolysis stage.  62 
Although the role of lignocellulosic waste as feeding material in bioenergy 63 
generation and 2nd generation biofuels production is well reported in literature  from a 64 
large set of different technologies [3–6], such feedstock varying composition and its 65 
effect in  thermochemically processed waste  products’ yields is not yet fully 66 
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understood as scientific reports are controversial. Some researchers report negligible 67 
interactions between lignin and cellulose during pyrolysis of biomass waste [7,8], 68 
while others do report significant interactions [9–15]. In particular Wu and co-authors 69 
[16] found that the method by which lignin and cellulose were mixed in feedstock 70 
mostly influenced the outcome of pyrolysis.  71 
Lignocellulosic waste is a renewable energy source of diverse origin and 72 
composition. From a chemical point of view, lignocellulosic waste is always 73 
composed of different weight percentages of the three following natural biopolymers: 74 
cellulose, hemi-cellulose and lignin accompanied also from other extractives and 75 
inorganics (ash). Lignocellulosic waste’s physical properties are related to lignin, 76 
cellulose and hemicellulose content, in the plant matrix. Herbaceous feedstocks or 77 
agricultural residues, such as cotton or sunflower stalks, contain generally high 78 
percentages of cellulose/ hemicellulose in comparison to woody biomass, such as 79 
forest waste usually rich in lignin. The structure of lignin component is complex and 80 
it is responsible for the woody waste’s resistance to enzymatic hydrolysis. Cellulose 81 
fibers, on the other hand, are embedded in the lignin polysaccharide matrix [5,6,17–82 
20].  83 
Thermochemical processes such as pyrolysis and gasification are only two of the 84 
potential routes to valorise lignocellulosic waste as fuels for energy production [4]. 85 
Due to however the current lack of fundamental knowledge of the complex set of 86 
reactions occurring during thermochemical breakdown of the lignocellulosic matrix, 87 
the development of commercial pyrolysis and gasification technological applications 88 
needs more insights in the conversion pathways and synergies of biomass waste’s 89 
main building blocks [21–23,17]. Understanding how composition of feedstock - in 90 
terms of its macro-constituents interactions- influences the thermochemical 91 
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breakdown of biomass’ main components is important in order to understand the 92 
complexity and shed light on the development of innovative biomass waste 93 
pyro/gasification technologies. 94 
 95 
1.1 Agro-waste composition   96 
 97 
Woody and herbaceous biomass waste produced excessively in Mediterranean area 98 
such as wheat straw, sunflower stalks, sorghum and many others and their cellulose 99 
concentration may reach 40-50wt% [3,6-11]. In some species such as cotton ginning 100 
residues and tobacco leafs it reaches the impressive percentage of 95-99wt% [24]. 101 
Cellulose (C6H10O5)n is a natural  polymer (of n~12000) and made from, among else, 102 
glucose (C6H12O6) monomers which polymerize through d-glyosidic bonds [17,18, 103 
19]. Nowadays, almost 95% of the produced cellulose comes from the wood 104 
manufacture industry and is consumed by the paper production industry [27]. 105 
Hemicellulose is also a linear biopolymer composed of simple sugar molecules, such 106 
as xylose and arabinose and others. Its polymerization degree is considerably lower 107 
than the cellulose’s (n~ 200) and is present in lignocellulosic waste at weight 108 
percentages ranging between 25-30%wt. [27,28].  109 
Lignin, on the other hand, is a highly aromatic polymer whose complex structure is 110 
not yet fully understood and is highly dependent on the plant matrix [29,30]. Zhou 111 
and co-workers [31] described the nature of chemical bonds between lignin-cellulose 112 
and hemicelluloses. 113 
1.2 Thermochemical decomposition of lignin and cellulose 114 
 115 
Lignocellulosic biomass waste start to thermally degrade in an inert atmosphere at 116 
temperatures above 230oC due to dehydration which  results in water (H2O) molecules 117 
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release [32]. Depending on the process conditions of the thermal decomposition, the 118 
yields and nature of products may significantly change [19].  119 
Slow pyrolysis takes place under low heating rates (typically between 6 and 120 
60oC/min) and temperatures up to 600oC in an inert environment. Such conditions 121 
cause feedstock residence times of 5 to 10 min thereby favoring secondary vapor-122 
solid charring reactions [20, 25-26]. Therefore, solids (pyrolytic chars) are normally 123 
the main products (on weight basis) of slow pyrolysis while liquids (heavy 124 
condensable hydrocarbons, levoglucosan and aqueous phase) and gases (biomass 125 
permanent gases) represent a smaller proportion of the final products [34].  126 
A commonly accepted reaction pathway for cellulose pyrolysis considers a three 127 
coupled reactions system of first order towards formation of pyrolytic char, gas, heavy 128 
volatile hydrocarbons and monomers (tar), together with the intermediate production 129 
of active cellulose (α-Cellulose), as schematically shown in Equation (1) [35]:  130 
        Gas (CO, CO2, H2O) 131 
Cellulose           α - Cellulose                     Char     (1) 132 
     Tar (heavier hydrocarbons, monomers) 133 
α-Cellulose is represented as the product of de-polymerization of cellulose towards 134 
levoglucosan and lighter molecules. The real nature of α-cellulose and mechanism of 135 
production has been object of several studies [36–40]. Levoglucosan is considered a 136 
key species during the pyrolytic conversion of lignocellulosic waste yielding from 20 137 
to 60%wt of tar, being either a product or act as an intermediate precursor for the 138 
formation of other chemicals during thermochemical decomposition [41]. 139 
Several chemical changes such as dehydration, dehydrogenation, decarboxylation 140 
and de-oxygenation take place during cellulose pyrolysis. When cellulose is heated in 141 
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the temperature range of 200-280°C, a series of endothermic reactions occur and 142 
reported earlier by Kilzer and Broido as ‘dehydrocellulose’ [32,42]. When slowly 143 
heated up to 200°C, cellulose was reported to release mainly H2O followed by CO 144 
and CO2 when temperature was risen up to 250 °C, meanwhile unsaturated C-C bonds 145 
are left in solids [43]. Thus, the intermediate products of cellulose pyrolysis rearrange 146 
and lead to generation of new pyrolytic products via condensation and polymerization 147 
reactions which release gaseous, tarry and char products.  148 
As for lignin, it’s thermal degradation in an inert atmosphere is described via two 149 
competitive pathways whereby tarry products or char and gaseous products are 150 
formed, with the latter showing a lower activation energy [44]. An equation 151 
schematizing lignin pyrolysis is represented below (Equation (2)), [44]:  152 
    Gas (H2O; CO; CO2) + Char (Fixed carbon and ash) 153 
Lignin                        154 
                             Tar (Thermally cracked heavy molecules)     (2) 155 
During woody waste pyrolysis, lignin starts to dehydrate and deforms at 156 
temperatures as low as 130 °C to 190oC, while the maximum rate of decomposition 157 
seems to occur between 350-450 °C. Dehydration of lignin requires more intense 158 
thermal conditions in comparison to the other macro components while its 159 
thermochemical breakdown generates dehydrated products with unsaturated side 160 
chains. The broad temperature range in which pyrolysis of lignin takes place appears 161 
to relate to the various oxygen (O) functional groups which have different thermal 162 
stabilities. The cleavage of such groups leads to the production of gaseous products of 163 
low molecular weight (CH4 and light hydrocarbons). In particular, slow heating rates 164 
favour mainly the formation of oxygenated gases such as CO and CO2, produced 165 
generally by the thermal cracking of the carboxyl groups while CH4 originates from 166 
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the breaking of the weak methoxy-groups (–OCH3). H2 is formed at pyrolysis 167 
temperatures above 500oC at the earliest stages of gasification (pyrolytic stages) 168 
where inherent H2O acts also as a gasifying agent, due to the rearrangement and 169 
condensation of the structural units of lignin’s aromatic rings [44].   170 
The authors described pyrolysis as the first step of gasification process and 171 
investigated slow pyrolysis of biomass waste to get insights in possible reaction 172 
pathways that occur in the pyrolysis section of a downdraft gasifier [45–47]. In those 173 
works chars evolution during thermochemical breakdown and their change in 174 
reactivity was affected also by secondary charring reactions.  175 
Gani and Naruse [48],  compared thermogravimetric (TG) curves generated during 176 
pyrolysis of lignin, cellulose and raw biomass composed of different percentages of 177 
lignin and cellulose. Lv and co-workers [49] observed that species containing more 178 
cellulose show a thermal decomposition behavior similar of that of pure cellulose 179 
while biomasses rich in lignin appear to resemble the depolymerization behavior 180 
shown by pure lignin. Regarding synergistic effects among biomass macro-181 
components during thermal breakdown, there has been some contradiction among 182 
researches. In general researchers tend to disagree on whether there is any interaction 183 
between cellulose and lignin during thermal breakdown of biomass (see for instance 184 
different conclusions that authors arrive to in [7] and in [16]), or on whether lignin 185 
degrades before cellulose or vice-versa, throughout the different stages of pyrolysis 186 
[50,51]. In a recent study, however, George and co-workers, [19] indicated that during 187 
fast pyrolysis of mixtures of lignin, xylan (as model compound for hemicellulose) and 188 
cellulose in proportions typical of those found in real lignocellulosic biomass 189 
precursors, significant synergistic effects are affecting the outcome of the thermal 190 
breakdown during fast pyrolysis.   191 
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In order to shed additional light on this topic, in the present work, two types of 192 
biomass residues, Olive Kernel (OK) rich in lignin and Corn Cobs (CC) rich in 193 
cellulose, were pyrolysed in a laboratory scale pyrolysis ring (Figure 1). To 194 
complement the experiments using the OK and CC agro-residues, synthetic mixtures 195 
of pure cellulose microcrystalline (CM) and pure lignin pink (LP) resembling the 196 
agro-residues composition, were also pyrolysed in the same set-up. OK and CC have 197 
been chosen based not only on their different nature, but also because they are agro-198 
waste which are abundant and create disposal issues in the Mediterranean area during 199 
their agricultural production season. Greece as well other Mediterranean countries 200 
such as Italy dispose plenty of agricultural and agro industrial waste due to the 201 
intensive production of olive oil, corn, cotton and fruits. For this study, olive kernel 202 
and corn cob residues emerging from two intensive agro-industrial processes, were 203 
selected amongst several existing in Greece and Italy taking into consideration:  204 
a) their availability in Greece, Italy 205 
b) no competition with food -feed  industry and   206 
d) their physicochemical properties (density, moisture, C/N ratio) that make them 207 
suitable for thermochemical conversion for energy production.  208 
Therefore, the present work helps in evaluating the feasibility of the alternative use 209 
of agro-waste which may provide farmers with potentially new routes of income via 210 
upgrading and use/sell their waste as alternative feedstock/fuel source for pyrolysis 211 
and gasification. In addition, understanding cellulose and lignin behavior during 212 
pyrolysis of lignocellulosic biomass is a fundamental step for further studying the 213 
thermochemical valorization of other ligno-cellulosic waste [52]. 214 
The aim of this study is to investigate the thermal decomposition (slow pyrolysis) 215 
of the lignocellulosic waste’s macro-molecules by assessing and proving the 216 
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synergistic effects among lignin and cellulose constituents and, in turn, to understand 217 
if and to what extent it is viable to predict product yields and quality from a known 218 
feedstock composition. The main goal of the present study is to further deepen the 219 
investigation of slow pyrolysis mechanism, with respect to feedstock macro-220 
constituents and interactions occurring between them. Pyrolysis conditions which may 221 
favour optimisation of gas quality will therefore be assessed. By analysing pyrolysis 222 
gas products, one may take an elaborated decision as to whether carry out pyrolysis to 223 
exploit all product streams or to lead the process further extended into gasification. A 224 
comparative analysis then performed on pyrolysis of mixtures of pure lignin and 225 
cellulose vs. pyrolysis of raw lignocellulosic materials in present work. The present 226 
results may be proved a useful tool to indicate were or to what extent synergies appear 227 
among feedstock macro-constituents occurring during thermal breakdown of 228 
pyrolysis. Understanding of products yield vs pyrolysis conditions and lignocellulosic 229 
waste composition is an important element of knowledge to foster development of 230 
sustainable lignocellulosic waste and mixtures thermochemical conversion 231 
technologies. The present results would also help developing pyrolysis and or 232 
gasification modeling efforts [20]. Identifying then any lignin and cellulose 233 
correlations would enable the estimation of the raw lignocellulosics product yields 234 
and quality; thus it would be possible to efficiently simulate the pyrolysis and/or 235 
gasification processes and derived products and to predict and further proceed with 236 
some practical aspects concerning e.g. the selection of the most appropriate feeding 237 
materials or mixtures in a biorefinery. In order to compensate with the seasonal 238 
production of biomass where the risk between a well-designed or a poor-designed 239 
bioenergy system could turn to a loss of profitability over its lifetime and enhance a 240 
small biorefinery's competitiveness, simulations are a tool for preliminary estimations.  241 
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2. Materials and methods 242 
2.1 Samples preparation and characterization 243 
 244 
Olive Kernel (OK) provided by an olive oil production agro-idustry located in an 245 
island of the Northern Aegean Sea (Greece), and Conn Cobs (CC) were supplied by a 246 
cooperative of farmers, located in the Region of Western Macedonia (Greece), both 247 
regions characteristic for their excessive agriculture activity of the agriculture species 248 
selected for this study. The samples were dried in open air, chopped, milled and 249 
sieved to select samples of particle sizes less than dp<300µm. 250 
CM and LP were supplied by Sigma Aldrich GmbH and Alfa Aesar U.S.A., 251 
respectively. CM appeared as a white microcrystalline powder, while LP appeared as 252 
amorphous of dark brown-red colored powder which enabled the visual inspection of 253 
through mixing, both samples particle diameters was comprised between dp=100 and 254 
200µm.  255 
Hosoya and co-workers [13] reported  in the past the negligible interactions during 256 
the cellulose and hemicellulose pyrolysis up to considerable high temperatures of the 257 
range of  800 °C, well above the conventional pyrolysis temperatures. An assumption 258 
then was made that the CC and OK agro-residues of interest in this work could be 259 
fairly resembled with synthetic mixtures composed only from cellulose and lignin. In 260 
addition, as both CC and OK have low hemicellulose content (<20%wt),  it was 261 
assumed that hemicellulose component might play a secondary, minor role during 262 
pyrolysis and the study focused only in the two major components of agro-residues: 263 
lignin and cellulose. Then the LP and CM model compounds were thoroughly mixed 264 
in weight percentages of 17wt% LP, 83wt% CM (sample named 17LP) and 48wt% 265 
LP, 52%wt CM (sample named 48LP) to resemble the behavior of herbaceous CC and 266 
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woody OK, respectively. Experiments have also been carried out: 100wt% (pure) CM 267 
(sample named 0LP) and 100wt% (pure) LP (sample named 100LP) to serve as a 268 
guide of how these pure macromolecules would behave under slow pyrolysis 269 
conditions. Ultimate and proximate analysis have been carried out for both raw OK 270 
and CC samples  in a Thermofinnigan CHNS EA 1112 instrument of CE Instruments 271 
and 2960 STD V3.0F thermogravimetric balance using ASTM standards (E-777, E-272 
872). Low heating Value (LHVb) of raw feedstock was estimated based on the ASTM 273 
standard (D-2016-74).  274 
 275 
2.4 Pyrolysis experimental study 276 
 277 
Experiments were conducted on approximately 1g of samples in the laboratory-278 
scale fixed bed reactor (Figure 1) at atmospheric pressure, under of 20mL/min of 279 
nitrogen flow corresponding to an approximately 0.4 s of gas residence time in the 280 
system. N2 was preheated upon entering the heated reactor body, while temperature 281 
was measured with a K-type thermocouple placed into the reactor’s core and was in 282 
contact with the fixed bed material. The temperature of the reactor was controlled by 283 
means of an electrical furnace set by a Proportional-Integral-Derivative (PID) 284 
controller. A pyrolysis gas cleaning, sampling and measurement section completed 285 
the experimental rig. 286 
The samples containing respectively 0, 17, 48 and 100 wt % of LP, placed 287 
manually in the  bottom of the stainless steel reactor, and were pyrolysed by placing 288 
the reactor at the core of a furnace pre-heated to the desired temperatures of T=400oC, 289 
500oC and 600oC for pyrolysis to be achieved. Pyrolysis heating rate for all samples 290 
was calculated to be approximately 150oC/min. 291 
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Temperature data and total gas flow where measured as pyrolysis occurred and 292 
experiments would be considered terminated when, after the samples would reach the 293 
peak temperature, no more pyrolysis gas was produced and the total flow of gas 294 
would coincide with initial flow of the N2 sweep gas. The time for that to occur was 295 
calculated to be approximately 30min for all of the runs. Once the pyrolysis reaction 296 
was completed, the lab scale reactor let to cool down to room temperature. At the end 297 
of each run, the reactor system was disassemble the char manually collected and 298 
weighted to the nearest 0.001 g. The produced pyrolysis gas yields were calculated in 299 
volume and weight in a normalized N2 free basis. The total tar yield, including 300 
aqueous phase and intermediate liquid products, was determined by difference. 301 
Prior to sampling, produced gas  was conditioned by means of two bubblers placed 302 
one after the other, the first being filled with deionized water and second with 303 
isopropanol. The tar trap was also followed by a fiber glass-silica gel filter fitted at 304 
end of the gas cleaning-sampling line and the latter was placed to absorb any 305 
remaining moisture. Both bubblers were immersed in an ice/salt cooling bath kept at 306 
approximately -1°C.The produced gas was then sampled in air tight bags and led to 307 
offline analysis in a Model 6890N, Agilent Technologies gas chromatograph fitted 308 
with two columns, HP-PlotQ and HP-Molsieve type and two detectors a FID and 309 
TCD. To complete the analysis the pyrolysis gas composition and product yields from 310 
pyrolysis of raw OK and CC at 600oC under the same set-up conditions were also 311 
determined. Table 1 tabulates the process conditions of the experiments carried out, 312 
while repeatability of experimental results tested as experiments carried out three 313 
times and found that the experimental error was within the acceptable ranges of <10% 314 
and the mean value is presented in figures. 315 
 316 
Page 13 of 37
ACS Paragon Plus Environment
Energy & Fuels
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Page 14 of 37 
 
3. Results and Discussion 317 
 318 
3.1 Proximate and ultimate analyses of OK and CC  319 
Proximate and ultimate analyses of OK and CC was performed and the results are 320 
presented in Table 2 Those data support the initial assumption that both OK and CC 321 
are suitable for further exploitation by thermochemical processes. In particular, 322 
samples had  moisture content lower than 50wt%,  adequate low heating value 323 
(LHVb) and a C/N molar ratio over 30 which all the above information indicate that 324 
the thermochemical valorization route towards value added solid fuel would be an 325 
attractive option. Moreover, the ultimate analysis, validated the assumption that the 326 
CC is categorized as herbaceous (~CH1.6O0.8) and that OK may be categorized as 327 
woody biomass (~CH1.2O0.4) according to classification reported by Fryda [53]. It 328 
may also be noted that although S content appears relatively high in the LP sample 329 
when estimated on weight basis and based on the molecular formula, sulfur is 330 
expected to be negligible in the LP sample and for the weights and weight percentages 331 
used in this work. 332 
 3.2 Pyrolysis of pure cellulose and lignin and their model synthetic mixtures 333 
3.2.1 Pyrolysis product yields  334 
 335 
In Figure 2 the gas, char and tar product yields (wt%) from pyrolysis of all 336 
samples are reported. Results indicate that irrespectively to pyrolysis temperature, the 337 
higher the lignin content in sample is, the higher the char yield is. This aligns with the 338 
fact that higher lignin content, which means higher aromaticity and therefore all else 339 
being unvaried, more energy is needed to break down the stronger aromatic bonds in 340 
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solids [46]. In addition it may be observed that the higher the lignin content is in both 341 
samples and mixtures, the less sensitive to pyrolysis temperature the char yield is.  342 
Experimental results shown in Figure 2 show how the pure lignin sample yields 343 
approximately 50 wt% d.b. of char at all three temperatures tested (400, 500, 600oC). 344 
In the case of the pure cellulose sample (0LP) it produces as expected a significantly 345 
lower amount of char yield (maximum ~22 wt% d.b. at 400oC). The latter however is 346 
more sensitive to pyrolysis temperature, than the char produced from pure lignin 347 
pyrolysis. In fact, the char yield produced from pure cellulose, and between 400°C - 348 
600°C, decreased by more than half from 22 wt% to approximately 9 wt%, 349 
respectively. The high char yield in samples containing higher amounts of lignin, may 350 
be also related to the rearrangement of the lignin aromatic structure with temperature. 351 
Brebu and Vasile [44] reported that the cleavage of the aryl-ether bonds in lignin 352 
results in formation of a very active but yet unstable free radicals rearranging further 353 
to form products of higher stability, such as char. 354 
Tar yields, on the other hand, are generally higher for the higher cellulose content 355 
samples, while not clear conclusive data may be reported with respect to the 356 
sensitivity of tar yield to pyrolysis temperature. This might be attributed to 357 
hemicellulose which might have different thermal behaviour resulting in both 358 
different product yields and gas, liquids composition but was not a subject of this 359 
study. In general, and as also reported by Lv and co-workers [49], for the temperature 360 
range under consideration, cellulose tends to produce higher condensable volatile (or 361 
tar) yields, while lignin contributes mainly to the increased char yield. The char yield 362 
is also directly depended on secondary vapour-solids reaction [36,45,46,54,55]. These 363 
reactions are responsible for more char formation related to tar cracking on hot char 364 
particles. With this respect, the present results allow concluding that some effect of 365 
Page 15 of 37
ACS Paragon Plus Environment
Energy & Fuels
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Page 16 of 37 
 
secondary reactions may be evident on lower lignin content samples and appear to 366 
have little influence on higher lignin content samples. This may be due to the higher 367 
aromaticity and stability of lignin portion in sample.  Hence, tar would crack on solid 368 
chars more significantly if solid particles would be more subject to chemical 369 
interaction with char.  Hosoya and co-workers [12] had also observed that the 370 
presence of lignin inhibits the thermal polymerization of levoglucosan, a primary 371 
product of cellulose pyrolysis, with increasing temperature. 372 
The present also of Ca++  and  Na+ cations, characteristic of wood lignin,  in the LP 373 
sample and OK as shown in Table 3, was in fact expected to increase with increase of 374 
lignin (LP) content in synthetic mixtures i.e. have a more prominent effect to charring 375 
reactions in woody than in herbaceous waste tested  as also noticed  by Brebu and 376 
Vasile [44]. 377 
In the samples of the lower lignin content, on the other hand, the higher presence 378 
of cellulose may have reduced char yield by promoting char decomposition, this may 379 
be explained considering that cellulosic chars are expected to be more reactive during 380 
thermochemical treatments than lignin ones. This is also observed by the consistently 381 
lower tar yields in higher lignin content samples for all the temperatures analyzed. 382 
Additionally, the presence of lignin seemed to inhibit the formation of intermediates 383 
(tar precursors) during pyrolysis of mixtures at 500 and 600 °C, indicating that tar 384 
precursors are originated mainly from cellulose. The presence of lignin tend to 385 
stabilize the evolving radicals on solid matrix. The aromatic structure of lignin 386 
promotes stabilization, while less aromaticity promotes more tar forming reactions. 387 
Antal and Vareghyi [36], Dabai at al, [56] and Volpe at al. [45,46] observed that 388 
the vapour-solids interaction leads to more intensive char formation, too. Sadaka and 389 
co-workers [57], had also earlier observed that low pyrolysis temperatures lead to 390 
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char production followed by the release of moisture. Then, when temperature 391 
increases, more tar is converted to gaseous species and this is favoured in slow rate 392 
pyrolysis set-ups where tarry components have sufficient time to undergo thermal 393 
cracking. In addition, smaller particle sizes and low moisture content are both 394 
reported to favour tar production [58].  395 
 396 
3.2.2 Gas composition 397 
Figure 3 depicts the gas composition of the four synthetic feedstocks analyzed in 398 
the present study. Data show a systematic increase in CO2 production with increasing 399 
the presence of lignin at 500 and 600 °C pyrolysis attempts with the highest 400 
proportion of CO2 being released from the pure lignin sample.  401 
Pyrolysis of lignin, is known to occur more gradually over a wide range of 402 
temperatures compared to cellulose [36]. Thermal breakdown of lignin starts with the 403 
cleavage of the weaker molecular bonds at the lower temperatures, to progress with 404 
the breaking of the aromatic rings and the release of hydrogen at temperatures above 405 
500 oC [59]. Accordingly, in our experiments, from 400 oC to 600 oC, pyrolysis of 406 
pure lignin resulted in a largely stable and relatively high CO2 concentration in the 407 
produced gas. On the other hand, a significant reduction in CO which passed from 408 
16% vol to 5 %vol was noticed with increasing temperature, while H2 was detected in 409 
low concentrations only at the highest temperature (600 oC). Lighter hydrocarbons 410 
(C2Hx) and methane (CH4) were released in traces only at the highest 600 oC 411 
temperature. 412 
By ignoring the low amounts of CH4 and other light hydrocarbons, a clear 413 
difference between pure cellulose and samples containing lignin can be noticed. 414 
Whatever the tested temperature, pure lignin samples appear to release a significantly 415 
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higher amount of CO2 and lower amount of CO compared to samples containing 416 
cellulose. Moreover the higher the lignin content, above 17%wt d.b., the higher the 417 
release of CO2 and lower the release of CO is. In both samples of pure cellulose and 418 
pure lignin, the largest changes in gas composition occur between 400 and 500 °C, 419 
while no considerable changes appear thereafter between 500 and 600 °C. In 420 
particular, a temperature increase from 400 to 500 °C during cellulose pyrolysis, 421 
causes an approximately 10%vol reduction of CO2 and lower 5% vol changes in CO 422 
concentration. Moreover, pure lignin shows an increase of about 10% vol in CO2 423 
concentration and a significant decrease of approximately 10% vol in CO 424 
concentration, between 400 and 500 °C. When temperature is further increased to 600 425 
°C, CO in pure lignin is further reduced to a value of about 5%vol in concentration, 426 
approximately a quarter of the initial value. Considerably high concentrations of CO2, 427 
when compared to other gases, were also found for all feedstocks. According to 428 
previous works [52], CO2 release is linked to the primary reactions of early pyrolysis 429 
stages of cellulose. Also, CO2 and CO release in relatively high proportions, in 430 
samples containing cellulose, is a probable indication of the exothermic reactions 431 
responsible for char production due to secondary vapour-solids interactions occurring 432 
favoured by the presence of cellulose as discussed. This was also  reported earlier by 433 
Mok and Antal [60]. Cellulose pyrolysis is also known [32] to proceed via 434 
intermediate stages of levoglucosan dehydration towards char and low molecular 435 
weight products (among which primarily CO2, H2O, furan, acids etc.).  436 
Data from the present work show also that pyrolysis of cellulose leads to release 437 
of more H2 at temperatures ~400 oC, possibly due to cracking of the cellulose’s 438 
macromolecules. On the other hand, CH4 concentration hardly reached 4%vol in the 439 
gaseous mixture even at the highest tested temperature (600 oC). As reported by 440 
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Houben and colleagues [61], methane might be formed by hydrogenation of one of 441 
the double bonds of an aromatic ring which in this case would occur in cellulose chars 442 
at higher temperatures, while we would expect the formation of aromatic structures 443 
due to reorganization of solid matrix [46]. The same mechanism was earlier suggested 444 
by Howard [62] for the pyrolysis of coal and years later also by Nelson and Huttinger 445 
[63] regarding the hydropyrolysis of naphtalene and other aromatics used as model 446 
compounds for tar. Particularly evident with this respect appears what is shown for 447 
pure cellulose sample at 500 and 600 °C. The relative large amount of 19.2 %vol of 448 
H2 released during pyrolysis at 500 °C appears to be significantly reduced to 449 
approximately 5.8% vol at 600 °C. Correspondingly, the traces of CH4 are hardly 450 
detectable during pyrolysis at 500 °C while increase to as much as 4.4% vol at 600 451 
°C. 452 
The increasing presence of lignin in samples seems to decrease the phenomenon at 453 
lower temperature so that thermal decomposition of lignin seems not to favour the H2 454 
release until 600 °C. CH4 and other lighter hydrocarbons (C2Hx) disappear as the 455 
temperature increases. 456 
Results seem to show that the long residence time during pyrolysis, might have 457 
favoured the promotion of the water gas shift (WGS) and adverse Boudouard 458 
reactions following Eq. (3) and (4) responsible for H2 and CO2 release, in cellulose 459 
samples at the lower tested temperatures and lignin containing samples at the higher 460 
temperatures. 461 
CO+H2O=>CO2+H2          (3) 462 
2CO=>C+CO2          (4) 463 
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The presence of water (H2O) molecules released by cellulose and lignin pyrolysis 464 
seemed to further facilitate the early gasification of lignin resulting in the CO2 465 
concentration increase at the highest temperature (600oC) [64].  466 
 3.2.3 Comparison between raw lignocellulosic waste and synthetic mixtures  467 
 468 
Experimental results depicted in Figure 4 show that pyrolysis of real OK resulted 469 
in a 15% higher char and 69% higher gas yields, while tar yield results 21% lower 470 
compared to CC waste. 471 
This was probably due to a number of reasons. Firstly the fact that CC agro-waste 472 
has naturally considerably high cellulose content and higher moisture content in lignin 473 
may have favored the production of char in an environment where vapors experience 474 
contact with char-solids before escaping the reaction zone. Moisture, in fact, is known 475 
to auto-catalyze char forming reactions [36]. Secondly, the higher lignin content of 476 
the woody waste of OK, at a relatively low temperature may have facilitated both 477 
further polymerization and heavier hydrocarbons (tar precursors) reforming over char 478 
followed by coke (C) deposition [65]. The relatively high reactivity of OK char in 479 
comparison to chars from other biomass species, as well as the self-catalytic effect of 480 
inorganic species of ash in feedstock (Table 3) is also reported in literature [66,67] 481 
and the naturally inherent ash in raw samples played a role towards this. Additionally 482 
the more thermally stable lignin in woody biomass such as in OK is reported to 483 
produce more char than that in herbaceous biomass [44]. This trend could be also 484 
associated with the increase of CH4 and C2HX concentration in gas produced during 485 
OK pyrolysis shown in Figure 5. 486 
Both woody (OK) and herbaceous (CC) lignocellulosic waste produced a pyrolysis 487 
gas of relatively high CO2 concentration, followed by CO. In particular, OK pyrolysis 488 
gas showed 30.9% (%vol) more H2 than CC, while CO2 concentration resulted 489 
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approximately 6.5% higher. On the other hand, CO concentration in OK pyrolysis gas 490 
resulted 54.9% lower in comparison to CC. At the same time 48% more ethane (C2H6) 491 
and ethylene (C2H4), as well as, a 62.6% more methane (CH4) produced when OK 492 
pyrolyzed instead of CC.  493 
The higher initial moisture content in OK, as well as the water released during the 494 
first steps of pyrolysis, might have facilitated the breakdown and degradation of the 495 
pyrolysis intermediate molecules. Additionally, long residence time related to slow 496 
heating rate of the experimental system, in combination with a relatively high 497 
pyrolysis temperature (600 oC) may have also promoted the water gas shift reaction 498 
towards an increase in H2 and CO2 concentration in pyrolysis gas. In addition the low 499 
concentration of light hydrocarbons (C2HX<5%vol) detected in pyrolysis gas phase, 500 
aligns with what was found on previous studies by Sadaka and co-workers [57]. 501 
Figure 6 presents the product yields (%wt d.b.) during pyrolysis of CC and OK at 502 
600oC compared to products of thermal breakdown of synthetic lignocellulosic 503 
mixtures, which carry the same lignin content and possible predictions based on the 504 
additive rule. Results show some differences occurring between real and synthetic 505 
mixtures for both feedstocks under analysis. Synergistic effects between the lignin 506 
and cellulose during pyrolysis of the real and artificial mixtures may be inferred, and 507 
as shown in Figure 6 cannot be predicted by simply applying the additive rule. 508 
It can be seen from Figure 6 in particular that low lignin content with high 509 
cellulose artificial mix and real CC feedstock, present measurably different tar and 510 
gas yields and similar char yield. On the contrary, higher lignin content feedstocks 511 
such as OK and artificial mixture present substantially similar char and gas yields and 512 
significant differences in tar yields. In both low and high lignin content materials, 513 
therefore, lignocellulose macro constituent play a different role as they are embedded 514 
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in parent matrix rather than joined in an artificial mixture. Cellulose in real feedstock 515 
is responsible for higher formation of precursors which appear to be able to more 516 
easily coalesce and thus be released as tarry vapours. On the other hand, in the 517 
synthetic mixtures, tar precursors more easily crack on the lignin in mixture to 518 
produce more gas. Higher gas yield produced in OK, compared to the 48LP synthetic 519 
mixture, may be related to higher ash content in real feedstock and their catalytic 520 
effect in tar cracking [68].  521 
Deviations in the experimental data and more complex synergies between real 522 
feedstock and synthetic mixtures also concern the composition of the gas released, as 523 
it can be noticed from Figure 7. A measurable difference between CO2 and CO yields 524 
in the low lignin content samples shows a yield in a more oxidized gas for the real 525 
sample compared to the synthetic mixture. This may be related to the oxidizing effect 526 
that levoglucosan has during pyrolysis of biomass with relatively high cellulose 527 
content [19]. The higher lignin content samples 48LP and OK, show a remarkably 528 
similar yield in CO2, however, lower CO yield in real feedstock favoured higher yield 529 
of hydrogen, CH4 and light hydrocarbons. This appears related to the lower char yield 530 
measured in real sample vs synthetic mixture and the early gasification of chars at 600 531 
°C possibly favoured by the higher moisture content.  In general, the higher yields in 532 
hydrogen, methane and light hydrocarbons, reported in both real samples compared to 533 
the synthetic mixtures may be related to the catalytic effect of the parent biomass ash 534 
constituents and their catalytic effect during the thermal treatments [19,50] which also 535 
plays a major role during the pyrolysis process. 536 
At 600 oC, pyrolysis of CC led to the production of less CO2 and H2 amounts and 537 
more CO and tar compared to its synthetic mixture. This behaviour could be related to 538 
the initial CC moisture content which might have favoured some preliminary 539 
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gasification reactions at that temperature level. The relatively slow heating rate and 540 
the reactions between vapours and solids might also have caused an increase in 541 
secondary charring [45], while ash content in real feedstock might have favoured 542 
cracking of tar precursors.  543 
Raw OK produced a pyrolysis gas with lower CO and similar CO2 and higher 544 
Η2 and CH4 concentrations in comparison to the synthetic mixture prepared by lignin 545 
and cellulose. The reason was the moisture content of the raw material, as well as the 546 
known increased reactivity of the OK char towards gasification products and syngas. 547 
Again the histograms representing the additive law in Figure 7 indicate that synergies 548 
exist. 549 
Taking into consideration all the above results, by applying the additive law 550 
revealed, significant deviations between the experimental data concerning the gas 551 
product yield of the raw lignocellulosic residues in comparison to their synthetic 552 
mixtures was observed. This implies that not only gas-gas reactions take place but 553 
also gas-solid reactions and catalytic effect of biomass ash probably occurs. Thus, 554 
although synergetic effects of the main building blocks of lignocellulosics are evident, 555 
the additive law cannot be applied. 556 
 557 
3 Conclusions  558 
 559 
Pure cellulose (CM), lignin (LP) and their model synthetic mixtures simulating a 560 
woody and a herbaceous lignocellulosic wastes were pyrolyzed in a lab scale fixed 561 
bed reactor at slow heating rate to evaluate effect of pyrolysis temperature (T=400-562 
600 oC) on the product yields and composition of the produced gas.  563 
The results showed: 564 
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• The effect of lignin in the pyrolysed mixtures: increasing char yields and reducing 565 
tar yields at all the tested pyrolysis temperature.  566 
• Lignin in synthetic mixtures is responsible for increased CO2 in the produced gas.   567 
• The presence of lignin has also shown to inhibit the production of H2 in the gas; 568 
this, though was not found in real feedstock containing the same amount of lignin. 569 
• Significant more hydrogen and methane in OK sample, at 600°C is related to a 570 
possible early gasification of raw feedstock’s char due to higher moisture content 571 
and also to a probable catalytic effect of ashes in the raw feedstock’s matrix.  572 
• Experimental results showed that the behaviour of real lignocellulosic waste during 573 
pyrolysis may not be predicted only by the ‘additive rule’ (simply adding results 574 
obtained from pyrolysis of the lignocellulosic macro-constituents of lignin and 575 
cellulose) which however seems to resemble better woody biomass than 576 
herbaceous biomass waste. In addition the self catalytic effect of inherent ash in 577 
raw feedstock changed considerably the interactions towards gaseous, solid and 578 
tarry products during slow pyrolysis conditions. 579 
• They also provided a good insight in the pathways that lead to the production of 580 
hydrogen in samples which contain lignin and H2 is produced at higher 581 
temperature and concentration in real feedstock compared to the model synthetic 582 
mixture.  583 
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Figure 1 Lab scale fixed bed agro-waste pyrolysis rig. 741 
 742 
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 744 
Figure 2 Products yield (%wt, d.b.) of different lignin-cellulose model mixtures 745 
versus pyrolysis temperature.  746 
 747 
  748 
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 749 
Figure 3 Pyrolysis gas composition (%vol) of different lignin-cellulose model 750 
mixtures. 751 
  752 
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 753 
Figure 4 Comparison of the products yields (%wt, d.b.) during pyrolysis at 600 °C of 754 
woody OK and herbaceous CC waste samples. 755 
  756 
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 757 
Figure 5  Comparison of the gas composition (%vol) during pyrolysis at 600 °C of 758 
woody OK and herbaceous CC, waste samples 759 
 760 
  761 
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 762 
Figure 6 Comparison of the product yields (%wt, d.b.) given for both raw agro-waste 763 
and model synthetic mixtures representing their lignin and cellulose contents and 764 
deviation from the additive rule based on pure lignin and cellulose. 765 
  766 
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 767 
Figure 7 Pyrolysis gas composition (%vol) given for both raw agro-waste,  their 768 
model synthetic mixtures carrying the same lignin content and deviation from the 769 
additive rule based on pure lignin and cellulose. 770 
    771 
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Tables  772 
Table 1. List of experiments carried out and principal experimental conditions. 773 
Type of  
Sample 
Peak T  
(°C) 
Type of  
Carrier Gas 
Heating 
rate 
(oC/min) 
Residence 
time (min) 
0LP, 17LP, 48LP, 100LP 
400 
N2 ~150 ~30 
500 
 
CC, OK 600 
 774 
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Table 2. Proximate and ultimate analysis of raw materials. Data for LP and CM 776 
derived from suppliers. 777 
Raw biomass 
specie 
Olive 
kernels 
(OK) 
Corncobs 
(CC) 
Pure 
Lignin 
(LP) 
Pure 
Cellulose 
(CM) 
Ultimate analysis (wt%, d.b.) 
Carbon, C 48.6 42.1 42.6 39.5 
Hydrogen, H 5.7 5.5 2.6 2.6 
Nitrogen, N 1.6 0.2 8.3 - 
Oxygen*, O 37.0 42.14 25.5 57.9 
Sulfur, S n/a n/a 12.6 n/a 
Sodium, Na n/a n/a 8.7 n/a 
HHVb (MJ/kg) 20.5 13.2 n/a n/a 
LHVb (MJ/kg) 19.2 12.0 n/a n/a 
Proximate analysis (wt%,d.b) 
Moisture 12.3 6.0 n/a n/a 
Volatiles 79.9 71.0 n/a n/a 
Fixed C 17.2 9.6 n/a n/a 
Ash 3.6 13.3 <0.1 n/a 
  Lignocellulose    
Lignin (wt%) 48 17 100 0 
Hollocellulose 
(wt%) 
52 83 0 100 
Molecular 
Type 
CH1.4O0.6 CH1.5O0.7 CH0.7O0.4N0.2S0.1Na0.1 CH0.8O1.1 
* By difference for OK and CC samples, d.b.: dry basis, n/a: not available 778 
 779 
Table 3 Ash elemental analysis of OK and CC. 780 
 781 
 782 
 Ni Na Mn Mg K Fe Cu Ca Al 
Corn Cobs (ppm) 0 342 1.13 85 137 12 4.45 258 41 
Olive kernel 
(ppm) 
4.2 2130 12 1000 5000 438 37 4160 760 
 783 
Page 37 of 37
ACS Paragon Plus Environment
Energy & Fuels
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
